The nervous system of vertebrates and invertebrates consists of two distinct cell types, neurons and glial cells. Both cell types, though different in many aspects, originate from common precursor cells. They interact with each other from early development on until neurons and glial cells fulfil their respective tasks in the mature and functional nervous system. The relatively simple nervous system of the fruit fly Drosophila melanogaster has been successfully used to study the diverse interactions of neurons and glial cells during development. It has been shown that these interactions regulate cell number and survival of glial cells and neurons, that they are required for axonal pathfinding and fasciculation, and for glial ensheathment (reviewed in Hidalgo, 2003; Chotard and Salecker, 2004; Auld, 2004, 2006).
Introduction
The nervous system of vertebrates and invertebrates consists of two distinct cell types, neurons and glial cells. Both cell types, though different in many aspects, originate from common precursor cells. They interact with each other from early development on until neurons and glial cells fulfil their respective tasks in the mature and functional nervous system. The relatively simple nervous system of the fruit fly Drosophila melanogaster has been successfully used to study the diverse interactions of neurons and glial cells during development. It has been shown that these interactions regulate cell number and survival of glial cells and neurons, that they are required for axonal pathfinding and fasciculation, and for glial ensheathment (reviewed in Hidalgo, 2003; Chotard and Salecker, 2004; Auld, 2004, 2006) .
One of the most striking differences between neurons and glial cells during development of the central and peripheral nervous system (CNS and PNS) of D. melanogaster is the glial motility, i.e. the ability to migrate as a whole cell, whereas neurons predominantly stay at their place of birth and only extend cellular processes, their axons and dendrites. Glial cell 0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2007.10.010 migration occurs in the CNS as well as in the PNS. The glial cells of the PNS, the peripheral glia (PG), which originate from sensory organ precursor cells (SOPs, Bodmer et al., 1989; Fredieu and Mahowald, 1989; Nelson and Laughon, 1993; this work) and CNS neuroblasts (Schmidt et al., 1997) , however, generally migrate over much longer distances than their CNS counterparts, to align along and finally ensheath the peripheral nerves. These PGs are not only required for the formation of the blood-nerve barrier and thereby allow proper electrical conductance, but are also crucial for growth cone guidance of sensory and motoneurons during PNS development (Sepp et al., 2001; Sepp and Auld, 2003a) .
So far, studies on the development of PNS glia mainly focussed on a subset of embryonic PGs, e.g. those that express the marker gene gliotactin (Klä mbt and Goodman, 1991; Nelson and Laughon, 1993; Sepp et al., 2000) or on glial cells of the developing wing (Giangrande et al., 1993; Aigouy et al., 2004) . It was shown that in both cases the glial cells interact with one another in the course of development. These interactions control glial cell migration and proliferation, as well as the arrangement of the actin cytoskeleton. Different signalling pathways have been described to contribute to PG development, migration, and function Auld, 2003a, 2003b; Edenfeld et al., 2007;  for review see Parker and Auld, 2004) . Still, several questions remain to be answered. Do PGs acquire unique identities? How are they specified? Are some PGs functionally different from others? How do PGs navigate during migration?
In order to gain more insights into the development of the entire population of peripheral glia on the cellular level, we analyzed their spatial and temporal pattern through embryonic development of the wildtype. We present a catalogue of markers, whose expression patterns indicate the establishment of individual cell identities and allow their discrimination. Mutant analysis of two of these marker genes, spalt major and castor, reveal their involvement in PG development. It further demonstrates the value of marker gene expression to identify individual cells in mutant backgrounds. The origin of identified PGs from specific neural stem cells is uncovered by cell lineage analysis. Using confocal 4D microscopy we traced the migratory behaviour of the individual PGs during the course of embryonic PNS development for the first time in the living embryo.
Results

The pattern of peripheral glial cells in late stage 16 embryos
All together, 12 glial cells per abdominal hemisegment can be classified as peripheral glial cells (PG) . All these cells are associated with axonal tracts of motor and sensory neurons. These axonal tracts fasciculate and build up the three main peripheral nerves in each abdominal hemisegment (Ghysen et al., 1986; Bodmer and Jan, 1987; Gorczyca et al., 1994) : the anterior transverse nerve (TN), the intersegmental nerve or anterior fascicle (ISN, af) , and the segmental nerve or posterior fascicle (SN, pf) . A fourth, thin nerve built by the dorsal bipolar dendritic neuron (dbd) runs dorsally along the anteriorposterior axis of the embryo (dorsal longitudinal nerve, DLN). Both motoneurons that express the cell adhesion molecule Fasciclin 2 (Fas2, Fig. 1A , C, D, and E), and sensory neurons labelled with an antibody against the Futsch protein (mAb 22C10, Fig. 1B , C, and E), contribute to these nerve tracts.
The nuclei of glial cells in the periphery can be visualized using an antibody against the glial marker protein Reversed polarity (Repo, Halter et al., 1995; Fig. 1A-E) . In wildtype embryos their pattern is invariant with respect to cell number and their approximate position. At the end of stage 16, 12 glial cells align along the peripheral nerves at characteristic positions. Three cells are located close to the transition zone between CNS and PNS, which were referred to as exit glia (EG, Klä mbt and Goodman, 1991; Halter et al., 1995; Schmidt et al., 1997) . Two of these cells are associated with the ISN and one with the SN. Sometimes one of these cells is located within the CNS and is thus hard to identify as peripheral glia. More distally, one cell lies along the SN and five cells are stringed along the ISN up to the lateral chordotonal organ. Further distal in the periphery, another cell is associated with the ISN and one cell along the DLN. Only one cell is associated with the TN. In addition, a cluster of five weakly Repoexpressing cells, the ligament cells, can be seen at the proximal end of the lateral chordotonal organ (Carlson et al., 1997) . These ligament cells, although Repo-positive, are not associated with the described nerve tracts and are thus not referred to as peripheral glial cells. In rare cases one additional Repopositive cell appears in the very dorsal part of the PNS.
The 12 peripheral glial cells are always present, whilst their position might show slight variations. As the Repo staining only visualizes the nuclei of the cells, the position of the respective cell bodies might still be invariant. Using a repoGal4 driver to express a membrane-bound form of GFP (gap-GFP), the glial cell surface can be labelled (Fig. 1D ). For the peripheral glial cells of the SN, TN, and DLN, the entire cell shape can be seen, because they enwrap these nerves alone. The cells along the ISN cannot be separated from one another, since their cytoplasmic extensions are closely attached to each other. In late stage 16, the entire peripheral nerves appear enwrapped by glial cells, irrespective of variations in the positioning of the glial nuclei (Fig. 1D ).
Nomenclature of the PGs
The following sections will demonstrate that nearly all of the 12 glial cells in the peripheral nervous system represent individual cell identities. In order to ease the following descriptions of marker gene expression, origin, and migration of the individual cells, we generated a comprehensive nomenclature.
First, we tried to accommodate the existing nomenclature of previously described cells. Six of the PGs were described by Fredieu and Mahowald (1989) using a specific monoclonal antibody. Three of these cells were later categorized as exit glia (EGA, EGM1, and EGM2) and the other cells as peripheral glia, termed from proximal to distal as PG1-PG3 (Klä mbt and Goodman, 1991). Nelson and Laughon used a slightly modified, yet traceable terminology for these cells. Two of these cells, PG1 and PG3, were renamed by Sepp and colleagues as ventral (vPG) and dorsolateral (dlPG) peripheral glia (Sepp et al., 2000) , respectively. Edenfeld et al. termed three cells as ventral, medial, and dorsal intersegmental nerve peripheral glia (vIPG, mIPG, and dIPG) including one of the exit glia (Edenfeld et al., 2007) . Early work on SOP lineages identified and named two PGs as support cells associated with sensory neurons (Bodmer et al., 1989) . The support cell of the lateral bipolar dendritic neuron that contributes to the transverse nerve (TN), and the support glia of the dorsal bipolar dendritic neuron that builds up the dorsal longitudinal nerve (DLN). A third PG is generated by an SOP that generates the dorsal cluster of sensory neurons. This cell was termed PG3, P3, dlPG, or dIPG. Thus, unfortunately, the existing nomenclature is inconsistent (as summarized in Table 1 ), incomplete, and not applicable to the entire pattern of Repo-positive cells.
We therefore propose a novel terminology that incorporates all Repo-positive peripheral glial cells of the embryonic abdominal PNS, and term the cells 'embryonic peripheral glia' (ePG) 1-12 ( Fig. 2A) . In order to unambiguously identify each cell, the position of its nucleus, the association with a particular peripheral nerve, as well as the unique code of marker gene expression can be used ( Fig. 2A and B) . 
2.3.
Single cell identity of PGs
Three of the 12 PGs have been previously described with respect to their identity, position, and origin. The glial cell at the distal end of the ISN (ePG10, bold arrowhead, Figs. 1E and 2), the glial cell enwrapping the DLN or dorsal bipolar dendritic neuron (ePG11, open arrow, Figs. 1E and 2), and the glial cell along the TN (ePG12, waved arrow, Figs. 1E and 2) are all derived from sensory organ precursors (Bodmer et al., 1989; Fredieu and Mahowald, 1989 ) and arise at around stage 13. Their position at time of birth is invariant and they finally occupy stereotypic positions in late stage 16 (Fig. 1E) . The other PGs, which were believed to originate from neuroblast lineages in the CNS, were undistinguishable from each other and only partially described so far (Fredieu and Mahowald, 1989; Klä mbt and Goodman, 1991; Nelson and Laughon, 1993; Edenfeld et al., 2007) . In order to gain insights into the question whether these cells display unique cell identities or whether they occupy positions along the peripheral nerves by chance (e.g. on a 'first come first serve' basis), we analysed a series of enhancer-trap lines and marker genes that label PGs. Most markers show expression already in early developmental stages and are constantly expressed until the cells reach their final position in stage 16 (Table 2 ). All markers required to discriminate between the different cells in stage 16 are shown in Fig. 3 , with identical cells being labelled with the same symbol henceforth. The Gal4-line Mz97 labels a subset of cells . We recombined the Mz97-Gal4 line with a nuclear green fluorescent protein (UAS-nGFP) and analysed the homozygous expression pattern in combination with an antibody staining against Repo (Fig. 3A) . Two ISN-associated cells close to the transition zone (ePG1 and ePG3, asterisks), ePG4 along the SN (open arrowhead), and four PGs along the ISN (ePG5, ePG7, ePG9, bold arrow, bent arrows), including the SOP-derived distal most cell (ePG10, bold arrowhead), are Mz97-positive. Additionally, mesodermal cells and the oenocytes (Oe) are labelled in Mz97. In only very rare cases one of the described cells does not express the transgene in the homozygous Mz97, nGFP background. In 25% of hemisegments (n > 80) the glial cell of the TN (ePG12, waved arrow), and in 6% of the examined hemisegments the PG at the DLN (ePG11, open arrow) show GFP expression, too (not shown). In heterozygous condition though, only a smaller set of four PGs, as well as the oenocytes, are still labelled (Fig. 3B ). ePG3 (asterisk), the SN associated ePG4 (open arrowhead), ePG7 (bent arrow), and ePG10 (bold arrowhead) express the transgene in the heterozygous background. In about 20% of hemisegments (n > 80), ePG5 is also GFP-positive (not shown). We assume that the alleviated expression of GFP in heterozygous condition is due to copy number of the p{Gal4} element.
Because of this reproducible pattern of GFP expression in both homo-and heterozygous condition, we used the Mz97, nGFP strain as a marker in addition to anti-Repo antibody stainings. We crossed this line to various enhancer trap lines carrying a lacZ-reporter and analysed the expression patterns of b-Galactosidase (b-Gal) together with Mz97, nGFP (heterozygous condition), and Repo. At least five different embryos and a minimum of 20 hemisegments were scanned. Each of the following lines labels a different set of cells. In line 3-101 (Fig. 3C) , three PGs are b-Gal-positive in at least 90% of all examined hemisegments (n = 36). ePG4 (open arrowhead), ePG5 (bold arrow), and ePG12 (waved arrow) express b-Gal (the latter cell so strongly that Repo staining is hardly visible in the merged picture). In about 20% of the hemisegments, ePG7 is also b-Gal positive (not shown). The enhancer trap line H15-lacZ (Fig. 3D) shows reporter gene expression in three of the Mz97, nGFP-positive cells: ePG3 (asterisk), ePG4 (open arrowhead), ePG7 (bent arrow). Additionally, ePG11 (open arrow) shows b-Gal expression. This pattern of b-Gal expression is seen in about 90% of all hemisegments (n = 24), except for ePG7 (bent arrow), which is only labelled in approximately 60% of the hemisegments. The enhancer trap line rL50-lacZ (Fig. 3E) can be used to label ePG1 and ePG3 (asterisks), one of which is also GFP positive in a heterozygous Mz97, nGFP background (ePG3). Furthermore, ePG4 (open arrowhead), ePG5 (bold arrow), and ePG12 (waved arrow) are b-Gal positive (the latter again so strongly that Repo staining is hardly visible in the merged picture). In 25% of the examined hemisegments (n = 30), ePG7 (bent arrow), as well as ePG11 (not shown), are bGal positive. The TN associated ePG12 is also positive for the enhancer-trap line 3-66, which exclusively labels this cell in the PNS (Fig. 3F, waved arrow ). An enhancer-trap insertion close to the spalt major (salm) locus ( We analysed further enhancer-trap lines and marker genes for their expression in PGs. These data are summarized, together with the above described expression patterns, in Table 2 .
The combination of Repo staining and the heterozygous condition of Mz97, nGFP, together with this collection of different markers, allows to unambiguously identify and discriminate between nearly all PGs. Only the two cas-Gal4/ mirr-lacZ-positive PGs, ePG6 and ePG8, along the ISN cannot be distinguished from each other. Table 2 .
2.4.
Origin of the PGs
Being able to identify the different glial cells in the PNS individually or in subsets, we next analysed the ancestry of the cells. The origin of three of the PGs has been well described. ePG12 along the transverse nerve, ePG11 along the dorsal longitudinal nerve, as well as ePG10 associated with the ISN have been shown to originate from sensory organ precursor cells and to arise at around stage 13 (Bodmer et al., 1989; Fredieu and Mahowald, 1989; Nelson and Laughon, 1993) . All other peripheral glial cells (ePG1-ePG9) were believed to be part of CNS neuroblast lineages. The neuroblasts NB 1-3, NB 2-5, and NB 5-6 give rise to PGs (Schmidt et al., 1997) . In order to determine which individual cell originates from which neuroblast, we performed DiI-labellings in homozygous Mz97, nGFP embryos as well as in embryos obtained by crossing repo-Gal4 or cas-Gal4 with UAS-nGFP (Fig. 4) . Single progenitor cells in the most lateral region of the ventral neuroectoderm (which includes the presumptive neuroglioblasts generating peripheral glia) of stage 7 embryos were labelled with DiI and the clones generated by the respective precursors were analysed together with the nGFP expression pattern at stage 17.
Each NB 1-3 clone (n = 17) comprises four nGFP-positive peripheral glial cells in both homozygous Mz97, nGFP (not shown) and repo-Gal4>nGFP (Fig. 4A ) background. Two of these cells are located close to the transition zone (ePG1 and ePG3, asterisks). In a horizontal cross section (Fig. 4A' ), these cells can be separated from the other PGs in this region. Further along the ISN, ePG7 and ePG9 are double labelled with GFP and DiI, thus belonging to the NB 1-3 lineage (bent arrows). In repo-Gal4>nGFP background, four cells along the ISN (ePG2, ePG5, ePG6, and ePG8, arrows) and ePG4 along the SN (arrowhead) can be detected, which do not belong to the NB 1-3 lineage ( Fig. 4A and A 0 ). We obtained nine clones from NB 2-5 in the Mz97, nGFP background (data not shown).
In all cases the two peripheral glial cells originating from NB 2-5 showed no GFP expression. The only cells in the periphery that do not express GFP in homozygous Mz97, nGFP background are the two cas-Gal4/mirr-lacZ-positive cells ePG6 and ePG8 ( Fig. 3H and J). To further prove that these two cells belong to the NB 2-5 lineage, we labelled in cas-Gal4, nGFP background and obtained NB 2-5 clones comprising these two GFP-expressing cells in the periphery without exceptions (n = 8, Fig. 4B ). The third NB that was known to contribute to peripheral glia is NB 5-6. It was previously shown that NB 5-6 generates a proximal cell in the transition zone, associated with the SN (Schmidt et al., 1997) . This cell expresses Ladybird (ePG2, Fig. 3K ) and is the only peripheral glial cell of the NB 5-6 lineage (De Graeve et al., 2004) . To our surprise, two PGs could not be assigned to the above mentioned NB clones: ePG4 along the SN and the neighbouring cell ePG5. Therefore, we performed further DiI labellings of progenitor cells in the lateral neuroectoderm (cell rows 13-15) and obtained five times the same clone in which the two missing PGs were covered (bold arrow, open arrowhead, Fig. 4C 0 , C 0 0 , and C 0 0 0 ). The labelled progenitor also generates sensory neurons of the ventral clusters (Fig. 4C) , and thus belongs to the SOPs rather than central neuroblasts.
The combination of lineage analysis and marker gene expression allowed us to trace the origin of individual peripheral glial cells back to identified CNS neuroblasts, and we uncovered the novel SOP ancestry of two of the PGs. The ancestry of all PGs is schematically summarized in Fig. 2B . At least to some extend, the combinatorial code of marker gene expression reflects the lineage relationship between the different PGs ( Fig. 2A and B) .
Stereotypic positions of PGs
In order to precisely analyse the positioning of each individual cell at late stage 16, we used the various markers and enhancer-trap lines to identify the cells and monitored how often each cell occupies a certain position along the periphe- ral nerves. In Table 3 and Fig. 2C the statistical evaluation of the position of the respective cells and the most prominent arrangement are shown. We omitted all cases where cells (nuclei) lay so close to each other (proximo-distal or anterior-posterior) that no definite position could be assigned to the cells. This predominantly occurred in the exit area which was analysed in a heterozygous Mz97, nGFP background, and stained with antibodies against Repo and Ladybird to discriminate between ePG1 and ePG3 (n = 60). The periphery was analysed together with the different enhancer-trap and marker gene expression patterns in Mz97, nGFP homozygous condition, as well as in heterozygous background (n > 100). It becomes obvious that the type of nerve (ISN, SN, TN, DLN) a particular PG is associated with is fixed, and that the The combination of Mz97, nGFP with various marker genes and enhancer-trap lines was used to identify individual cells and define their respective positions. For statistical evaluation, 60 and more than 100 hemisegments were analysed for cells in the transition zone (ePG1-ePG3) and distal PGs (ePG4-ePG12), respectively. Note that only in very rare cases a cell's position varies more than one position proximal or distal. range in which a cell shows variability in its position is limited to mostly one position proximal or distal along the same nerve. In only very few cases are cells located further away from their common position, but they never change the nerve tracts. Most PGs occupy a specific position in more than 80% of the analysed hemisegments: the SOP-derived ePG12 (at the TN), ePG11 (along the DLN), and ePG10 (distal most cell at the ISN) in 100%, the SN associated ePG4 in 96%, the neighboring ePG5 in 91%, and the distal ePG9 in 92% of all hemisegments. The positions in-between (positions 6-8) show slightly more variations. These positions are occupied by the ePG6 (at position 6 in 87%), the ePG7 (at position 7 in 70%, at position 8 in 21%), and the ePG8 (at position 8 in 69%, at position 7 in 21%, and in less than 10% at position 9) (see Table 3 ). When analysing the migration in 4D (see below), we noticed that ePG6 and ePG8 sometimes overtake other cells (and rarely even one another), while the other cells hardly do so. This predominantly accounts for the variations observed in positions 6-8. Thus, the statistical analysis of the late embryonic pattern of all identified peripheral glial cells reveals that certain cells are stereotypically positioned without exceptions, while the positioning of others shows some variability with the degree of variability being cell-specific.
Migration of peripheral glial cells in 4D
In order to gain more insights into the dynamics and variability of the migratory process, we adapted the technique of confocal 4D microscopy to trace the migration of individual peripheral glial cells in vivo. Analysis of the 4D data was advanced using the SIMIBioCell software (Schnabel et al., 1997) . As described above (Fig. 3A) , homozygous Mz97, nGFP labels a subset of PGs that are born in or close to the CNS and migrate into the periphery. This subset of PGs enabled us to follow the migration of identified cells, although the GFP signal can first be detected in early stage 14. Hence, the initial migration of the first cell leaving the CNS at late stage 12/early stage 13 (the ePG9) could not be seen in all recordings. Since the Mz97 line shows some additional GFP signal in mesodermal cells, in macrophages, and in the oenocytes the embryos were flattened, fixed, and stained against the Repo protein after recording in order to unambiguously identify the cells. Eleven embryos were recorded and at least three hemisegments per embryo were analysed.
The first cell (ePG9) has already left the CNS in most cases at the time when the GFP signal in this cell becomes visible ( Fig. 5 and Supplementary film 1, bent open arrow) . In several cases we found that the further migration of this cell away from the CNS is not continuous, but is interrupted by short movements back towards the CNS. Still, this cell finally reaches its characteristic position close to the oenocytes (oe). The next cell that follows the ePG9 into the periphery is ePG7 (bent arrow). This cell is easily identifiable by its larger nucleus. It leaves the CNS in stage 13 and migrates along the ISN with only short bidirectional movements. At stage 13, two other PGs (ePG4 and ePG5) enter the exit area, often simultaneously and closely associated with each other, from a more posterior and ventral position in the CNS along the nerve root of the SN (Supplementary films 1 and 2, and Fig. 5 ). Our clonal analysis revealed that these two cells originate from an SOP, located in the ventral neuroectoderm. The ePG5 sometimes shows a highly dynamic movement in the periphery, migrating in both distal and proximal directions, with its final position close to the defasciculation point of ISN and SN (Supplementary film 1 and Fig. 5, bold arrow) . This dynamic movement accounts for the slight variability in positioning of ePG4 and ePG5 along the proximo-distal axis, though the final association with their respective nerve tracts is constant.
The ePG4 (open arrowhead) does not show such a dynamic movement but rather follows the fibers of the SN continuously in one direction, extending its cytoplasmic processes bidirectionally along the SN once it has reached its final position. In late stage 16, this cell often expresses some cytoplasmic GFP signal which clearly shows its bidirectional association with the SN (open arrowhead, Fig. 5D ). In homozygous Mz97, nGFP, two additional cells in the exit area, the ePG1 and ePG3, are also GFP-positive. These cells have not been analysed in detail by our 4D recordings, because the GFP signal becomes visible only in later stages when the cells are already located in the exit area. Furthermore, this area appears very condensed in the 'whole mount' 4D recordings and the exit glia lie deeper in the embryo (see Supplementary  Fig. 1 for details on the experimental setup). Even though the precise position of the nuclei in late stage 16 as well as the dynamics of their movement during the migratory phase varies between different hemisegments of one embryo, the overall process is stereotypic and reproducible, and the order of the cells is invariant. We never observed that the Mz97, nGFP-positive cells change their final position or overtake one another.
To trace the migratory behaviour of all peripheral glial cells, we used repo-Gal4 in combination with Mz97 (for details see Section 4). Beside the fact that all glial cells now express the nGFP transgene, the heterozygous Mz97 condition shows hardly any GFP signal in mesodermal cells or macrophages and the GFP signal in peripheral glial cells can be detected already at late stage 12, which allowed us to follow the migration of all the cells once they reached the exit area (Supplementary film 2) . The ePG9 is again the first cell that leaves the CNS and migrates along the ISN into the periphery. Yet, another cell (ePG12) can be observed further distal at the ISN prior to the migration of ePG9. This SOP-derived PG initially migrates along the ISN until it reaches a position close to the lateral chordotonal organ. There it persists for a while before it leaves the ISN in an anterior direction, perpendicular to its initial movement (Supplementary film 2 and Fig. 5 , waved arrow). It finally occupies a position at the lateral bipolar dendritic neuron or transverse nerve (TN), which it enwraps at least partially. The migration of ePG9, ePG7, ePG5 and ePG4 has been described above. Some variations occur with respect to the order and migratory behaviour of the two NB 2-5-derived PGs (ePG6 and ePG8). These two cells intermingle with the other cells and occasionally overtake them during the course of migration. This accounts for the observed variation in final position of ePG6, ePG7, and ePG8. In very rare cases we observed ePG6 and ePG8 overtake one another at late stage 16 and thereby exchange positions (Supplementary film 3). As described above, we cannot distinguish between these two NB 2-5-derived cells with any molecular markers at hand. Thus, it is still unclear whether these two cells acquire identical fates with interchangeable positions, or whether they display unique cell identities. As mentioned above, the migration of the proximal cells ePG1-ePG3 is hard to follow. In the combination of Mz97, nGFP with repo-Gal4, all three cells can be monitored. They move only a short distance, two of them (the two NB 1-3-derived ePG1 and ePG3) along the ISN, and ePG2 along the SN (Supplementary film 2 and Fig. 5) . In rare cases, ePG3 migrates further into the periphery, overtaking the ePG4 and the ePG5. This occurs rather quickly and the cell then immediately moves backwards to occupy a position closer to the CNS (Supplementary film 3). We also monitored in vivo the migration of the SOP-derived ePG10, which originates from a very dorsal position and migrates ventrally towards the oenocytes (data not shown). Hence, for these recordings the embryo had to be positioned in a more lateral orientation (for fixed preparations see Fig. 5A 0 -D 0 ). The ePG10 appears at late stage 13, begins to migrate at around stage 14, passes the ePG11 (which itself does not move) at late stage 15, and reaches its final position close to the oenocytes at stage 16 (bold arrowhead, Fig. 5 ). We never observed a more ventral migration of this cell and it never overtakes the CNS-derived distal-most ePG9. Taken together, 4D microscopy reveals cell-specific dynamics and some variations of the migratory behaviour of peripheral glial cells, though the order and final position of most of these cells is fixed.
Mutant analysis
The ability to identify individual cells within the population of PGs now allows to approach the mechanisms controlling their specification, migration and/or differentiation by analysing their development in different mutant backgrounds at single cell resolution. Obvious candidates for such an analysis are loss-of-function mutations in the above described marker genes that are expressed in subsets of the PGs. We have analysed loss-of-function mutations of two of these marker genes, cas j1C2 and salm 445 (Jü rgens, 1988; Mellerick et al., 1992) . In cas j1C2 mutants the phenotype is highly penetrant and cell specific, with two PGs missing along the ISN in every hemisegment (n = 76, Fig. 6 ). cas-Gal4 is expressed together with mirr-lacZ in the two NB 2-5 derived cells ePG6 and ePG8. Are these two cells missing in cas j1C2
? In order to test this, we performed an in situ hybridization against the gene CG9336 (Altenhein et al., 2006) . In wildtype embryos, CG9336 is expressed in all PGs along the ISN and SN except for the two cas-Gal4/mirr-lacZ-positive cells (Fig. 6B and B 0 , and Table   2 ). In cas j1C2 the same set of CG9336-positive cells can be detected ( Fig. 6C and C 0 ), indicating that indeed the two castorexpressing cells are missing in the periphery. Instead, additional glial cells appear in the CNS at a position reminiscent of the NB 2-5 lineage (encircled area, Fig. 6C and C 0 ). But none of these cells shows Mirr expression (data not shown). Hence, the identity of these cells remains uncertain. To test whether cas is sufficient to affect peripheral glial cell specification and/ or migration, we ectopically expressed cas in the nervous system. Neither pan-neural nor glial-specific expression of cas led to an increase in PG number or an alteration of PG migration (data not shown).
Embryos homozygous for salm 445 show a pleiotropic and variable phenotype affecting not only glial cells but also PNS neurons, sensory organs, and other tissues (Cantera et al., 2002; Rusten et al., 2001 ). Yet, nearly all ventrally derived PGs stall in the transition zone between CNS and PNS and do not migrate properly into the periphery. In about 50% of the analysed hemisegments (n = 36), a variable number of one to three PGs are missing, even though these cells could remain in the CNS. salm-lacZ is expressed in the two ventral SOP-derived ePG4 and ePG5, as well as in the dorsal SOP-derived ePG11 along the DLN, and in some of the ligament cells of the lateral chordotonal organ (Fig. 3G) . In salm 445 mutants the ePG4 cell can sometimes be detected at its wildtypic position along the SN (open arrowhead, Fig. 7B-D) . If ePG4 is missing along the SN, it could well be a secondary effect, as the SN itself is affected with the SNc shortened or occasionally missing. The ePG5 however, cannot be unambiguously identified in Repo-staining within the group of cells stalling in the transition zone. We used the above described markers to identify cells within the cluster of stalling PGs in salm
445
. Antibody staining against the Mirr protein revealed that in most hemisegments two Mirr-positive cells (the NB 2-5-derived ePG6 and ePG8) can be detected within the cluster (Fig. 7C, thin arrows) . Sometimes only one cell can be identified and in rare cases no Mirr-positive cell was detectable. Antibody staining against the Ladybird early protein revealed that ePG2 is present, though sometimes stalling in the CNS (not shown). In situ hybridization aginst CG9336 shows that the ISN is not completely covered by glial cells (Fig. 7D) . The two NB 2-5-derived cells can be identified due to a lack of staining (thin arrows, Fig. 7D ). In addition, ePG7 can be detected according to its slightly larger nucleus (bent arrow). The ePG10 (bold arrowhead) appears to be mispositioned further dorsal and ePG11 (open arrow) is not properly located with its nucleus arranged in parallel to the ISN (and not perpendicular as in wildtype). Finally, the ligament cells of the lateral chordotonal organ are spread and more dorsally located, which was already described (Rusten et al., 2001) . In 30% of the hemisegments, two cells instead of one seem to be associated with the TN and are located at the position of the ePG12, both showing a typical 'basket-shaped' Fas2 staining around their cell bodies (Fig. 7B, waved arrow) .
Taken together, the PGs can be identified individually even in a mutant background according to their unique position, morphology, and marker gene expression. In addition, as demonstrated here for cas and salm, these marker genes are likely candidates participating in the control of glial development.
Discussion
We have characterized the expression of a collection of cell-specific molecular markers, which allows to identify and distinguish all glial cells in the embryonic peripheral nervous system. The reproducibility with which enhancer-trap lines and marker genes are expressed in the individual peripheral glial cells, indicates that these cells display unique identities. Furthermore, we have shown that the spatial and temporal pattern of migration and the final arrangement of these cells are relatively stereotypic. This suggests that the specification of the unique identity of each cell does not only define a specific combination of genes to be expressed, but also includes the information about the timing of migration, the nerve tract it is associated with, and to some degree the final position to be occupied along the respective nerve. How the cell receives this information is still unknown. The individual characteristics could be determined (1) by lineage or (2) during migration by cell-cell interactions (between the glial cells or between the glia and other closely associated cells, e.g. neurons, tracheae), or (3) by a combination of both.
The master regulatory gene glial cells missing (gcm) is required to induce the glial cell fate (Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) . Gcm as a transcription factor switches on downstream target genes, of which the gene encoding for the homeobox transcription factor Reversed polarity (Repo) is well described (Xiong et al., 1994; Halter et al., 1995) . As this cascade of gene activation is required for all glial cells in the Drosophila embryo (except the midline glia), it is unlikely to contribute to cell fate diversification among the glia. Whereas central glial cells migrate over rather short distances, in literally any possible direction, to finally occupy stereotypic positions within the CNS , the peripheral glial cells behave differently as they have to migrate over remarkable distances into the periphery. It has been recently shown that the migration of PGs depends on Notch signalling (Edenfeld et al., 2007) . In Notch mutants or in mutants where Notch signalling is altered in PGs, the migration is impaired or even completely blocked. However, this signalling does not appear to supply the cells with characteristics of their fate apart from the onset and/or maintenance of the migration itself. Sepp et al. (2000) described the developmental dynamics and morphology of a subset of peripheral glial cells and could show that a signalling cascade mediated by the small GTPases RhoA and Rac1 influences the actin cytoskeleton of migrating PGs (Sepp and Auld, 2003b) . They could further show, that, within the analysed population of cells, a 'leading glia' expresses filopodia-like structures whereas the 'follower' cells do not. Similar results were reported by Aigouy et al. (2004) . They established a 4D microscopy technique to record and analyse the developmental dynamics and migratory behaviour of PNS glia during pupal stages in the developing fly wing. In this system, differences between 'leading' and 'follower' glia cells were also observed. The glial cells in the wing PNS migrate along wing veins in a chain with one 'leading' cell in front. If this chain is interrupted by laser ablation of either the leading or intermediate cells, a new 'leading' cell starts to form filopodia and explores the surrounding. Once this new 'leading' cell catches up with the previous chain or reaches its target area, the filopodia disappear and the cellś morphology changes again. Hence, these differences in glial cell morphology and behaviour in the wing PNS are based on interactions of the glial cells with each other rather than on a predetermined intrinsic cell fate.
Our findings for the embryonic PNS glia suggest that these cells are predetermined at least to a certain extent. The 4D microscopy approach allowed us to trace the migration of individually identified PGs in living embryos from the moment they leave the CNS until they reach their final position. Apart from the dorsal SOP-derived cells, which never change their position or behaviour, it is always the ePG9 that leaves the CNS first and 'leads' the track. This cell expresses filopodia-like structures, while the following cells do not (Edenfeld et al., 2007; Sepp and Auld, 2003b) , although it remains to be experimentally shown whether they can take over the leading function in the absence of ePG9. It is worth mentioning that the SOP-derived ePG12 migrates along trajectories of the ISN prior to ePG9. It is not clear whether ePG12 has any leading function for ePG migration or functions as a guidepost cell for axonal projections. It is the only cell, though, that swaps nerve tracts and finally associates with the TN. Most likely, cell-cell communication between ePG12 and axonal projections and/ or neighbouring cells is required for proper pathfinding and positioning. It is always the ePG4 that migrates along and finally enwraps the SN. As this cell is the only cell associated with the distal part of the SN, it functions as 'leading' glia for this nerve and expresses filopodia-like structures at least in later stages when it enwraps the SN. This enwrapment occurs in a bidirectional fashion, i.e. the filopodia occur at both ends of the glial cell (asterisk, Fig. 1D ). These observations are in agreement with data presented by V. Auld and colleagues.
Our lineage analysis revealed that the PGs mentioned above originate from the CNS neuroblast NB 1-3 and a ventrally located SOP. Interestingly, the two NB 2-5 derived PGs (ePG6 and ePG8) differ from these cells with respect to both identity and behaviour. They express fewer of the analysed PG-specific markers (cas-Gal4 and mirr-lacZ; Fig. 3 and Table  2 ) and we cannot distinguish between these two cells so far. Whether the lack of identifying markers is a consequence of or a prerequisite for their different identity and behaviour is not yet clear. The cells migrate along the ISN independently of the NB 1-3-and SOP-derived PGs and frequently overtake them (and occasionally even one another). The correlation of such characteristics with the different origin of these three subpopulations of PGs lends support to the hypothesis that some aspects of cell fate diversification among the PGs may be predetermined by lineage. It is likely, that such predetermined characteristics include the competence to respond to specific external signals that guide the respective cell along the correct nerve to its target position.
One incidence for lineage-dependent cell fate determination comes from the analysis of the ladybird homeobox genes (De Graeve et al., 2004) . The ladybird genes are expressed in the developing CNS in only few NBs including NB 5-6. The NB 5-6 lineage produces one of the proximal PGs (ePG2) which expresses the Ladybird early (Lbe) protein (Fig. 3K) . It has been shown that a loss of ladybird gene function results in a loss of the ePG2 in a third of all analysed hemisegments, accompanied with a higher number of medially located glial cells in the CNS (De Graeve et al., 2004 ). An opposite phenotype with excessive cells in the transition zone was observed by ectopic expression of the ladybird genes throughout the CNS. Using an anti-Repo antibody as well as a subset specific reporter transgene (K-lacZ), De Graeve et al. provided evidence suggesting that the ladybird genes play a role in glial subtype specification in particular NB lineages. Another factor shown to be required for the specification of a lineage-specific set of glial cells (NB1-1-derived subperineurial glia) is Huckebein (Bossing et al., 1996a) , which interacts with Gcm to amplify its expression specifically in these cells (De Iaco et al., 2006) . Furthermore, in cas mutants, we could show, that the two NB 2-5-derived glia (ePG6 and ePG8) do not migrate into the periphery but most likely stay at their place of birth, although they acquire glial cell fate (as can be deduced from Repo stainings). Thus, similar to Ladybird and Huckebein, Cas seems to be involved in lineage-dependent glial subtype specification rather than determination of glial fate in general. In contrast to ladybird (De Graeve et al., 2004) , though, Cas is not sufficient to ectopically induce glial cell fate or PG subtype specification.
It needs to be further shown whether the differences between the PGs derived from certain progenitor cells result in functional differences in the larva. The peripheral nerves of the larva are ensheathed by two distinct types of glial cells, the perineurial and the subperineurial glial cells. The subperineurial glia build septate junctions with each other (or themselves) and thereby form the blood-nerve barrier, whereas the perineurial glia form an outer layer and secrete the neural lemma (Auld et al., 1995; Carlson et al., 2000; Leiserson et al., 2000; Banerjee et al., 2006) . In order to allow proper electrical conductance, the peripheral nerves must be enwrapped and insulated at the end of embryogenesis when hatching of the larva requires coordinated muscle contractions. It is not known to date which of the embryonic PGs will become perineurial or subperineurial glia, or what other functions they might fulfill.
The comprehensive description of the ancestry, identity and dynamics of the developing embryonic peripheral glia, and the molecular markers at hand, provide a crucial basis for further clarification of the mechanisms controlling development, migration, and function of peripheral glia on a single cell level.
4.
Experimental procedures 4.1.
Fly strains
The following fly strains were used: Oregon R wildtype, Mz97-Gal4 , repo-Gal4/TM3 (Sepp et al., 2001) , cas-Gal4 (Hitier et al., 2001) , lacZ enhancer trap lines 3-101, 3-66, rL50, H15/CyO, J29, Y15 (kind gift from C. Klä mbt), salm-lacZ (Bloomington Stock Center), wg-lacZ (Broadus et al., 1995) , mirr-lacZ (Broadus et al., 1995; McNeill et al., 1997) , svp-lacZ (Mlodzik et al., 1990) , UAS-stinger::GFP (Barolo et al., 2000) . UAS-CD8::GFP (Bloomington Stock Center), UAS-gap::GFP (Bloomington Stock Center), UAS-lacZ (Bloomington Stock Center), and the mutants cas j1C2 /TM6b (Mellerick et al., 1992) , and salm 445 /CyO (Jü rgens, 1988) . Balancer chromosomes were obtained from the Bloomington Stock Center. For analysis of marker gene expression and for 4D recordings, the Mz97-Gal4 strain, which carries a p{GawB} P-element insertion in the first intron of gene CG5473, was recombined with the UAS-stinger::GFP (Mz97, nGFP) as described in Vef et al. (2006) . Additionally, the repo-Gal4/TM3 insertion was combined with Mz97, nGFP and crossed with homozygous UAS-nGFP to obtain the following genotype: Mz97, nGFP/UAS-nGFP; repo-Gal4/+.
Immunohistochemistry
Embryos from overnight collections were dechorionated in 6% commercial bleach, devitellinized and fixed in heptane with 4% formaldehyde in PEMS buffer for 22 min as described in Rogulja-Ortmann et al. (2007) . The fixed embryos were dehydrated for 5 min in methanol. Primary antibodies used were mouse anti-Fas2 (1D4, Developmental Studies Hybridoma Bank, 1:10), mouse anti-Futsch (22C10, Developmental Studies Hybridoma Bank, 1:10), mouse anti-GFP (Developmental Studies Hybridoma Bank, 1:1000), rabbit anti-Repo (Halter et al., 1995, 1:500) , mouse anti-Ladybird early (Jagla et al., 1997, 1:2) , rabbit anti-POU-domain-1 (Yeo et al., 1995, 1:500) , guineapig anti-Hb (Mettler et al., 2006 (Mettler et al., , 1:1000 , rabbit anti-Mirr (McNeill et al., 1997 (McNeill et al., , 1:1000 , and mouse anti-b-Gal (Promega, 1:700). The secondary antibodies used were anti-rabbit-Cy5, anti-rabbit-Cy3, anti-mouse-Cy3, anti-mouse-FITC (all from donkey, Jackson Immunoresearch Laboratories, 1:500), anti-mouse-Cy5, anti-guineapig-Cy5 from goat (Jackson Immunoresearch Laboratories, 1:500), and biotin-conju-gated anti-rabbit (Jackson Immunoresearch Laboratories, 1:500). The Leica TCS SPII confocal microscope was used for fluorescent imaging and the images were processed using Leica Confocal Software and Adobe Photoshop.
Fluorescent in situ hybridization
In vitro transcription and labelling of antisense RNA of CG9336 (EST clone RE 71975) with Digoxygenin was performed using the Dig-RNA labelling mix according to manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). Embryos from overnight collections were dechorionated in 6% commercial bleach, devitellinized and fixed in PEMS/heptane/formaldehyde (35:50:15) for 25 min. The fixed embryos were dehydrated in methanol/H 2 O 2 (9:1) for 20 minutes, washed in 0.1% PBTween (PBS, 0.1% Tween 20), and treated with 0.1% sodium borohydride solution in 0.1% PBT for 10 min to reduce the autofluorescent background. Hybridisation was performed overnight at 55°C as described in Altenhein et al. (2006) . For fluorescence detection of Dig-labelled RNA probes, the TSA amplification Kit with either Cy3 or Cy5 (Perkin-Elmer, Norwalk, CT) was used according to manufacturer's instructions.
Lineage analysis
DiI labelling of single neuroectodermal progenitor cells was performed as previously described (Bossing et al., 1996b) in embryos homozygous for Mz97, nGFP or in embryos heterozygous for either repo-Gal4 or cas-Gal4 and UAS-stinger::GFP. For documentation, stage 17 embryos were subjected to flat preparation, fixed for 10 min in 3.7% formaldehyde in PBS and scanned with a Leica TCS SPII confocal microscope using 488 and 543 nm excitation wavelengths for GFP and DiI detection, respectively.
4D microscopy
Eggs were collected on standard apple juice plates, transferred to a doublefaced adhesive tape, and mechanically dechorionated. Early stage 13 embryos were placed on agar blocks with the ventrolateral side facing upwards and mounted on a coverslip coated with heptane glue. After a short drying period, the embryos were slightly pressed onto the coverslip to reduce the convex body shape. Openings were cut into standard microscope slides to fit the glued embryos. The embryos were placed into the opening, the vacuity was filled with Voltalef oil 10S to allow sufficient gas exchange, and the other side was covered with a semipermeable membrane (Heraeus-Biofoil-25, Heraeus, Hanau, Germany). Membrane and coverslip were sealed with commercial Vaseline. Recordings were taken from the ventrolateral side of the embryos on an upright confocal laser scanning microscope (Leica TCS SPII, 40· oil immersion objective) over a period of five to seven hours. Stacks of up to 65 lm (z-axis) were scanned (step size 0.8-1.0 lm) in intervals of 90-165 s. Recordings were analysed with the SIMIBioCell Ó software (Version 3.3.133, SIMI reality motion systems GmbH, Unterschleissheim, Germany) which allows marking and tractracing of individual cells or nuclei (Schnabel et al., 1997) . For time-lapse movies, single focal planes of the recordings (zstacks) were combined for all intervals and labels were added using the Macromedia Ò Director 8.5 Shockwave Ò studio software (Supplementary films). For further details on the 4D microscopy method see Supplementary Fig. 1 .
